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Abstract
Identification of the locations of protonatable sites in cytochrome c oxidase that are influenced by reactions in the
binuclear centre is critical to assessment of proposed coupling mechanisms, and to controversies on where the pumping steps
occur. One such protonation site is that which governs interconversion of the isoelectronic 607 nm ‘PM’ and 580 nm ‘Fc’
forms of the two-electron-reduced oxygen intermediate. Low pH favours protonation of a site that is close to an electron
paramagnetic resonance (EPR)-silent radical species in PM, and this induces a partial electronic redistribution to form an
EPR-detectable tryptophan radical in Fc. A further protonatable group that must be close to the binuclear centre has been
detected in bacterial oxidases by Fourier transform infrared spectroscopy from pH-dependent changes in the haem-bound
CO vibration frequency at low temperatures. However, in bovine cytochrome c oxidase under similar conditions of
measurement, haem-bound CO remains predominantly in a single 1963 cm31 form between pH 6.5 and 8.5, indicating that
this group is not present. Lack of pH dependence extends to the protein region of the CO photolysis spectra and suggests that
both the reduced and the reduced/CO states do not have titratable groups that affect the binuclear centre strongly in the pH
range 6.5^8.5. This includes the conserved glutamic acid residue E242 whose pK appears to be above 8.5 even in the fully
oxidised enzyme. The results are discussed in relation to recent ideas on coupling mechanism. ß 2000 Elsevier Science B.V.
All rights reserved.
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1. Introduction
The energy to drive proton translocation in cyto-
chrome oxidase inevitably arises ultimately from the
oxygen reduction chemistry. Wikstro«m suggested
that this energy is utilised primarily in the PCF
and FCO steps and concluded initially that each
step is coupled to two proton translocations [1]. Sev-
eral speci¢c models of proton translocation have in-
corporated this feature [2^4]. Recently, however, the
extent of coupling at these steps has been questioned
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Abbreviations: Nomenclature of enzyme forms is O, fully oxi-
dised; R, binuclear centre-reduced; P, 607 nm species; PM, a P
species formed from mixed-valence enzyme and with CuB oxi-
dised; PR, a P species with one more electron than PM and
with CuB reduced; Fc, a 580 nm species that is isoelectronic
with PM ; F, the three-electron reduced stable oxyferryl intermedi-
ate
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and has led to a model in which one or more proton
translocations occur in the OCP steps [5], and to the
alternative suggestion that some of the translocated
protons are released into the medium only after the
O state is re-reduced [6].
Both mitochondrial and bacterial oxidase struc-
tures have been solved at atomic resolution [4,7]
and this has provided a wealth of new insights.
Nevertheless, major questions remain as to the struc-
tures of important intermediates and the sites that
change their protonation states as the enzyme cycles
through them. Determination of the electronic struc-
tures of the intermediates and their associated pat-
terns of protonation would help resolve outstanding
questions on the coupling mechanism and on the
degrees to which each of the steps are coupled to
proton translocation. Some current studies aimed at
identifying and probing such key protonation sites
are presented, and relevance to ideas on coupling
mechanism is discussed.
2. Materials and methods
Cytochrome c oxidase was prepared by a proce-
dure [8] that yields ‘fast’ enzyme with monophasic
cyanide binding kinetics and a characteristic Soret
maximum at 424 nm. It was quantitated from di-
thionite-reduced minus oxidised di¡erence spectra
using an extinction coe⁄cient of vO606ÿ621nm = 25.7
mM31 cm31 [9].
Electron paramagnetic resonance (EPR) spectros-
copy was as described in [10]. A modi¢cation of a
single-beam visible spectrometer was made to enable
recording of quantitative optical spectra of samples
in the EPR tubes during the course of the reactions
so that levels of species generated could be quanti-
tated.
For Fourier transform infrared (FTIR) spectrosco-
py, oxidase samples were diluted into 20 mM K-tri-
cine at pH 8.5 or 20 mM K-MES at pH 6.5, both
containing 0.02% lauryl maltoside and concentrated
to around 100 WM by ultracentrifugation. 25 Wl sam-
ples were dried under argon onto CaF2 windows,
and rehydrated with 2.5 Wl of fresh 250 mM sodium
dithionite in CO-saturated 1 M potassium phosphate
at pH 8.5 or 6.5. After further exposure to a gentle
CO stream for 1 min, the second window was placed
on top and the sample was spread by squeezing to
give an optimal absorbance of around 1.0 of the
amide I plus water peak at approx. 1650 cm31. The
gap around the sample was then ¢lled with CO-sa-
turated dithionite solution at appropriate pH and the
cell was sealed with silicon vacuum grease. Stoichio-
metric formation of the reduced CO compound was
con¢rmed by optical spectroscopy. FTIR spectra
were recorded in Saclay on Nicolet 860 and Nicolet
60SX spectrometers, and in London on a Bru«ker ISF
66/S spectrometer, ¢tted with liquid nitrogen-cooled
MCT-A detectors. A 100 W quartz-iodine lamp, ¢l-
tered with 1 cm water and 3 mm BG39 ¢lters, and
delivered to the sample via a light pipe, provided
actinic light.
3. Results and discussion
3.1. Radicals and protons in two-electron-reduced
intermediates
Determination of the structure of the 607 nm P
state, and the locations of the two protons known
to be bound when this species is formed [11], would
be particularly useful in assessing the validity of pro-
posed coupling mechanisms, and would help resolve
controversies on where pumping steps occur. A num-
ber of recent independent lines of investigation have
provided very strong evidence to support the sugges-
tion [12] that the O-O bond is already broken in the
607 nm P species, which would have an Fe4 = O23
oxyferryl structure. These include MCD and Raman
data on the iron-oxygen stretch frequency [13^17]
and the release of half of the labelled oxygen as
water when P is formed with O2 [18].
Since the redox state of PM di¡ers from the oxi-
dised enzyme (O) by only 2 reducing equivalents, an
additional electron is required from a site other than
the binuclear centre metals in order to form the
Fe4 = O23 Cu2B state. A proposed source for this
electron is the unusual covalently linked tyrosine-his-
tidine pair found by X-ray crystallography within the
binuclear centre [19], which could form a radical spe-
cies [20,21]. However, EPR analysis of the 607 nm
PM species generated by CO/O2 treatment [22] did
not reveal a radical [10,12], perhaps because of spin
coupling within the linked tyrosine-histidine-Cu2B
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system. However, in a very recent report [23] a rad-
ical state of this tyrosine was trapped by iodination
of the PM state, supporting the proposed location.
A further complication of the 607 nm PM state is
its conversion to an isoelectronic 580 nm form at low
pH [10] termed Fc. In bovine enzyme, this occurs
slowly if the 607 nm species formed at high pH is
subjected to a pH drop. It can also be formed di-
rectly by reaction of oxidised enzyme with hydrogen
peroxide (but not CO/O2) at low pH [10,16] and EPR
analysis of the product has indicated two radical
species, assigned to porphyrin cation and tryptophan
cation radicals [24], but with no clear correlation of
the level of either species with the amounts of P, F,
or Fc [10]. In contrast, in a similar study of Para-
coccus denitri¢cans cytochrome c oxidase [25] only
one radical species, attributed to a tyrosine, was
found on reaction with H2O2 at low pH. We further
investigated this question in the bovine enzyme by
direct optical quantitation of the reaction products
formed in the EPR tubes, and by comparison with
the radicals formed in samples in which Fc was gen-
erated by an alternative method. In this latter case,
the 607 nm PM species was produced stoichiometri-
cally at high pH with CO/O2 and, as expected, no
radicals were evident. After rigorous removal of CO
which otherwise reacts rapidly with Fc at low pH to
regenerate the O state, the pH was dropped to
around pH 6, causing conversion of any remaining
607 nm PM form into Fc over several minutes at
room temperature. EPR analysis indicated formation
of a broad radical only that was previously assigned
to a tryptophan cation radical [24], with roughly the
same kinetics as formation Fc, although at low occu-
pancy in relation to the level of Fc. It is concluded
that the reaction of hydrogen peroxide with the bi-
nuclear centre causes additional side reactions and
that the catalytically relevant radical species observ-
able by EPR in the bovine enzyme is that of a tryp-
tophan in the Fc state. In the 607 nm PM form, the
radical is presumed to reside wholly on the tyrosine-
histidine pair and is EPR-silent. However, low pH
induces an electronic rearrangement so that at least
part of the radical state resides instead on a trypto-
phan. Several tryptophan residues are located above
the haem a3 propionates and W126 was predicted to
be the most likely candidate from spectroscopic con-
siderations [24]. From simple electrostatic e¡ects, the
protonatable group(s) responsible for the PM/Fc con-
version is likely to be closest to the EPR-invisible
radical site, and possible sites are discussed below.
3.2. Protonatable groups explored through FTIR
spectroscopy
FTIR spectroscopy can provide information on
changes of individual amino acid residues and their
protonation reactions in response to redox and li-
gand state changes. Extensive FTIR studies on pho-
tolysis of the CO compound of fully reduced cyto-
chrome oxidase have been reported. Two major
forms of haem-bound CO have been found in the
Rhodobacter sphaeroides oxidase at cryogenic tem-
perature by FTIR and at room temperature by res-
onance Raman [26] that are in a pH-dependent equi-
librium with a pK of 7.3 [27]. A similar pH
dependence of the CO compound of P. denitri¢cans
oxidase was implied [28]. These ¢ndings have been
interpreted as re£ecting pH-dependent conformers
with slight di¡erences in the polarity of the environ-
ment sensed by the CO [29] and imply a protonatable
residue of potential mechanistic signi¢cance that is
strongly in£uenced by binuclear centre changes.
However, reports of the CO compound of bovine
oxidase have indicated a single major form at 1963
cm31 [26,30] with only minor additional species at
1944^1960 cm31 [30] evident especially at low tem-
perature [29,31] and with pH-insensitive relative am-
plitudes at room temperature [30]. Fig. 1 shows that
the predominant band (1962 cm31 at 100 K) also
remains unchanged in amplitude at pH 6.5 and 8.5
at the cryogenic temperatures at which the pH de-
pendence of the band was observed in the homolo-
gous R. sphaeroides enzyme. Hence, a protonatable
site that in£uences bound CO is absent in the other-
wise structurally very similar bovine enzyme and so
is unlikely to be of critical importance for mecha-
nism.
Fig. 1 also shows changes in the 1800^1200 cm31
region of the CO photolysis spectra, and these also
are una¡ected by pH. This extends to the peak/
trough at 1749/1742 cm31 at room temperature
(1745/1738 cm31 at 100 K in Fig. 1), a feature al-
ready shown in bacterial oxidases to arise from a
change of environment of the protonated form of a
critical conserved glutamic acid in subunit I (E242 in
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bovine numbering) [32,33]. The data support the
view [34] that this glutamic acid is also fully proton-
ated in both the reduced and reduced-CO forms of
bovine oxidase and places its pK well above 8.5 in
both forms.
Photochemical or electrochemical redox di¡erence
FTIR spectra have been reported for the bo-type
quinol oxidase from Escherichia coli [34,36], the
aa3-type cytochrome c oxidases from R. sphaeroides
[36] and P. denitri¢cans [32,37^40]. All show a dis-
tinct peak/trough at 1734^1737/1745^1746 cm31
when plotted as reduced minus oxidised di¡erence
spectra, and this most likely again re£ects a change
of environment of the conserved glutamic acid equiv-
alent to bovine E242 [32,34]. In the case of the Para-
coccus oxidase, a clear separation of the redox waves
of haems a and a3 was observed with midpoints at
pH 6.9 of +428 mV and +178 mV, respectively, ver-
sus SHE [40], and this allowed the 1736/1746 cm31
feature to be associated speci¢cally with the redox
wave of haem a. Additional changes were associated
with the haems a3 wave at +178 mV. In reduced
minus oxidised di¡erence spectra, these appeared as
peak/troughs at 1734/1720 cm31 and 1712/1708 cm31
[40] and changes of additional overlapping aspartic
acid or glutamic acid side chains were suggested.
Preliminary redox-dependent changes in bovine
heart cytochrome c oxidase were also reported [41].
The carboxylic acid region had two negative features
at 1736 and 1748 cm31 in the reduced minus oxidised
spectrum that could not easily be assigned. We
studied the bovine enzyme in further detail by ana-
lysing well-de¢ned forms of the enzyme. In contrast
to the behaviour of Paracoccus oxidase [40], poten-
tiometric separation of changes associated with
haems a and a3 in unligated enzyme is not possible
since they titrate together and in a complex manner
[42]. However, by comparing redox di¡erence FTIR
spectra of ‘fast’ and ‘slow’ forms of bovine oxidase
[43], and of cyanide-inhibited, ‘fast’ enzyme, changes
associated with haem a/CuA/CuB reduction can be
distinguished from those associated with reduction
of haem a3 since, whereas all four centres become
reduced in ‘fast’ oxidase, only haems a/CuA/CuB
are reduced easily in the ‘slow’ or cyanide-ligated
states. The reduced minus oxidised spectrum of
‘fast’ enzyme showed a distinct 1749 cm31 trough
and weaker 1743 cm31 peak. The trough indicates
loss of a 1749 cm31 band that is present in the oxi-
dised state. It is at the same frequency as the peak
produced by photolysis of CO from the reduced/CO
enzyme (Fig. 1) and might represent an extinction
coe⁄cient decrease of the 1749 cm31 band of the
conserved E242 residue in response to reduction of
one or more of the metal centres. Comparison of
reduced minus oxidised spectra of ‘fast’ bovine en-
zyme with spectra from ‘slow’ and cyanide-ligated
forms indicates that the feature is linked primarily
to the redox changes haem a/CuA/CuB, and that re-
duction of haem a3 induces little or no further
changes in the carboxylic acid region. The data are
in part consistent with the deconvoluted FTIR re-
duced minus oxidised spectrum of haems a of Para-
coccus [40], where a 1736/1746 cm31 peak/trough was
associated with the haem a reduction wave. How-
Fig. 1. Low temperature CO photolysis FTIR di¡erence spectra
of bovine cytochrome c oxidase at pH 6.5 and 8.5. Samples
were prepared as described in Section 2 and cooled to 100 K.
After su⁄cient equilibration time a baseline (128 interferograms
at 4 cm31 resolution) was recorded, followed by a photolysis
spectrum after illumination. The sample was then warmed to
room temperature to allow recombination and re-cooled to al-
low spectra to be measured repetitively. Spectra shown are pho-
tolysed minus CO-ligated di¡erence spectra. They have the pre-
illumination baseline subtracted and are each the average of
four cycles. The inset shows an expansion of the 1700^1800
cm31 regions.
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ever, further studies of both systems are needed to
resolve whether the changes are associated with haem
a or a copper centre, and of the signi¢cance of the
additional changes associated with the haem a3 re-
duction wave in Paracoccus [40].
3.3. Protonatable sites and coupling mechanism
The ‘glutamate trap’ model of proton transloca-
tion [44] incorporated the proposal that PCF and
FCO steps both translocated two protons. How-
ever, translocations at other steps can be accommo-
dated: the key point of the mechanism is that a pro-
ton is released from the charge-counterbalancing
‘trap’ sites each time a ‘substrate’ proton is bound
at the oxygen reduction site. In principle, ‘substrate’
protons that are available for subsequent binuclear
centre metal chemistry can be bound at any step in
the cycle, including the OCR steps before oxygen is
bound. Provided that a proton is accumulated in the
‘trap’ each time an electron is delivered to the binu-
clear centre, binding of ‘substrate’ protons will be
accompanied by an equivalent proton loss from the
trap site(s). Even if occurring at an energetically un-
favourable step, it can be driven by subsequent ex-
ergonic reactions.
Michel [5] postulated a hydroxide ligand on Cu2B
that becomes protonated via the K channel in the
OCE step and suggested that its presence as hydrox-
ide or water controls the PM/Fc and PR/F conversions
in subsequent steps. Its location could be consistent
with our observed pH dependence of the appearance
of a tryptophan cation radical. However, if the tyro-
sine radical has donated a proton to become a neu-
tral species in the PM state as suggested in [20], then
direct protonation to produce a tyrosine cation rad-
ical cannot be excluded as the site that controls the
PM/Fc change. It also remains to be established
whether protonation of the hydroxide or tyrosine
site at this step is a net protonation change that
would cause a charge imbalance and lead to a true
pH-dependent thermodynamic equilibrium between
PM and Fc, or whether it is accompanied by the con-
current loss of a proton from the trap site to main-
tain electroneutrality that would hence produce a net
proton translocation at this stage (cf. [5]).
Accumulation of protons into the ‘trap’ via the
E242 glutamic acid remains a viable feature despite
the accruing evidence that this residue remains pro-
tonated in the stable reduced and oxidised states.
Presumably, the residue can act as a transient proton
donor to the trap sites (assumed to be haem propio-
nates and associated residues) as electron transfer to
the binuclear centre occurs, but rapid reprotonation
via the D channel then rapidly follows. Further
understanding of the role of this key residue will
require better resolution of the nature of its FTIR
changes in response to individual metal centre
changes and, probably, extension to time-resolved
measurements.
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